ABSTRACT. Lectins are sensitive probes which bind carbohydrate structures specifically. In this study, we modified the lectin staining procedure for sensitive detection of carbohydrate structures in formalin-fixed, paraffin-embedded sections of normal and heterologous serum-induced fibrotic livers. The liver sections were heated in hot distilled water at 100°C for 10 min 
heterologous serum-induced fibrosis, but no differences in staining pattern of these lectins were seen between normal and fibrotic livers in bile canaliculi or sinusoidal endothelium [10, 11] . Morphological observation, however, implied changes in carbohydrate structures in bile canalicular and sinusoidal endothelial cells [10, 11] . We presumed that formalin fixation causes "epitope" masking and inhibits lectin binding. In the present study, we added a modified TT procedure for lectin staining to retrieve masked sugar structures in formalin-fixed, paraffin-embedded tissue sections and observed enhanced or altered staining patterns of 19 lectins.
MATERIALS AND METHODS

Animals:
Male Sprague-Dawley rats (initial body weight 135 ± 2 g, 5 weeks old; from SLC, Shizuoka, Japan) were divided randomly into two groups (five rats in each group), housed in individual cages and given water and a standard diet ad libitum in an air conditioned room (22 ± 1°C, RH 50 ± 5%) under controlled lighting conditions (12L/12D). All animals received humane care as outlined in the "Guide for the Care and Use of Laboratory Animals" (Kyoto University Animal Care Committee according to NIH #86-23; revised 1985) . In the heterologous serum-sensitized group (fibrosis group), the rats received intraperitoneal injections of pig serum (3.5 ml/kg of body weight) prepared from fresh blood and sterilized by 0.45 µm-millipore filtration (Millipore Corp., Bedford, MA, U.S.A.) twice a week for 8 weeks [10] [11] [12] . In the nonsensitized vehicle control group (normal Formalin fixation is commonly used for histological tissue processing and provides good preservation of morphological details, but this procedure produces many types of artifacts in histochemical staining. Formalin fixation produces intraand/or inter-methylene bridges in tissue proteins (crosslinkage of proteins) [16] . In immunohistochemical staining, such linkage masks epitopes, resulting in a decrease in availability of antibodies applicable to formalin-fixed tissue sections and in an increase in false-negative staining [16] . As the cross-linkage of protein can be reversed by high temperature treatment, retrieval of antigens masked by formalin fixation has been achieved by thermo-treatment (TT) in formalin-fixed, paraffin-embedded tissue sections [17] .
Lectins are proteins or glycoproteins which bind cellular carbohydrate chains specifically and have been used as powerful tools for histochemistry to detect carbohydrate structures of various tissues and cells [3, 10, 11, 19] . Formalin-fixed, paraffin-embedded tissue sections are commonly used for lectin histochemical staining. However, lectin-carbohydrate recognition is also considered to be affected by cross-linkage of tissue proteins caused by formalin fixation similarly to antibody-antigen recognition. Previously, we applied 24 different lectins to investigate the localization of carbohydrate structures in formalin-fixed, paraffin-embedded tissue sections of rat liver with group), the rats were injected with 0.9% NaCl in the same way.
Histological evaluation of liver fibrosis: Animals were sacrificed under ether anesthesia, and then the livers were removed, cut into small pieces, and fixed in 10% neutral buffered formalin. The liver specimens were dehydrated through a graded ethanol series and embedded in paraffin. Mirror and serial sections (3 µm thickness) were cut and mounted on 3-aminopropyltriethoxysilane (Sigma Chemical Co., St. Louis, MO, U.S.A.)-coated slides. After deparaffinization with xylene, they were rehydrated through a graded ethanol series. Some of the sections were stained with hematoxylin-eosin for standard histopathological evaluation and with sirius red (saturated picric acid in distilled water containing 0.1% (w/v) sirius red F3B (BDH Chemicals Ltd., Poole, U.K.), to allow visualization of fibrosis [9, 10] . Total collagen contents of liver sections were measured by a colorimetric method to assess the degree of liver fibrosis [10] .
Modified thermo-treatment procedure for lectin staining: Serial deparaffinized sections were set in a stainless steel slide holder and placed in a large beaker filled with hot distilled water (100°C) for 10 min. To avoid bubbles adhering to the sections, hot water was gently stirred on a hot plate (Corning Inc., New York, NY, U.S.A.) during TT. After heating, the sections were rinsed in phosphate buffered saline (PBS; pH 7.4) for 10 min at room temperature (RT; 20-25°C). Control sections without thermo-treatment (non-TT), were rinsed in PBS after deparaffinization.
Lectin histochemistry: After TT, serial sections were stained with 24 different lectins to identify the localization of specific carbohydrate chains as reported previously [10, 11] . Briefly, the sections were incubated with avidin and biotin blocking solution (Vector Laboratories, Burlingame, CA, U.S.A) at RT for 15 min to block endogenous avidin and biotin-like binding sites, and then washed with PBS. The sections were incubated with biotinylated lectins diluted with PBS (see Table 1 ) for 24 hr at 4°C, washed with PBS, and then incubated with ABC reagent (Vector) for 60 min at RT. Following washing with PBS, the sections were colorized with 0.002% H 2 O 2 , 0.1% 3,3'-diaminobenzidine4HCl (DAB; Wako Pure Chemical Co., Osaka, Japan) in 0.1 M phosphate buffer (pH 7.4) at RT for 1 min, washed with distilled water, and then counterstained with Mayer's hematoxylin. Sections were dehydrated through a graded ethanol series, cleared in xylene, mounted in Entellan (Merck Co., Darmstadt, Germany), and then examined under a light microscope. Negative control sections were incubated without biotinylated lectins or ABC reagent. To confirm the specificity of lectin binding, respective biotinylated lectins were preincubated with the corresponding inhibiting sugars (0.002-0.2 M in PBS; E. Y. Lycopersicon esculentum 2 β-GlcNAc, Poly LacNAc, GlcNAc oligomer RCA-I a)
Ricinus communis
Phaseolus vulgaris 2 Tri/tetra-antenna complex glycan LCA a)
Lens culinaris 3 α-Man, Complex glycan with fucosylated core PSA a)
Pisum sativum 3 α-Man, Complex glycan with fucosylated core SJA a) Sophora japonica
Canavalia ensiformis 4 α-Man, Oligomannoside glycan, Bi-antenna complex glycan BSL-I a)
Bandeiraea simplicifolia
Triticum vulgaris Laboratories, San Mateo, CA, U.S.A.) for 1 hr at RT prior to incubation of the tissue sections [10] . In all cases of lectin staining, control tests were negative after omission of either biotinylated lectin or the ABC reagent, and preincubation of lectins with corresponding inhibiting sugars commonly abolished the staining reaction. For instance, preincubation of soybean agglutinin (SBA) with appropriate inhibitory sugar (N-acetyl-D-galactosamine) resulted in the disappearance of the staining reaction.
RESULTS
No histological damage was caused by the TT procedure in control or fibrotic liver sections. Preliminary experiments (data not shown) indicated that 10 min heat treatment was adequate for histopathological evaluation, because prolonged TT, especially for more than 30 min, caused histological damage. TT improved histochemical staining by the lectins used in this study, except for Bandeiraea simplicifolia lectin-II (BSL-II), concanavalin A (Con A) and succinylated wheat germ agglutinin (s-WGA). The characteristics of staining reactions of the 24 different lectins in normal and fibrotic liver sections with TT are summarized in Table 2 .
Sinusoidal endothelium: Sinusoidal endothelial cells were stained with 13 lectins in non-TT sections from both normal and fibrotic rat livers. TT enhanced staining intensity with these lectins. For instance, these cells were weakly stained with Solanum tuberosum lectin (STL) in the non-TT sections from both normal (Fig. 1a) and fibrotic livers. TT markedly enhanced the intensity of the STL staining in both normal (Fig. 1b, mirror section of 1a) and fibrotic tissue sections.
Bile canaliculi: Bile canaliculi were specifically stained with 7 lectins on non-TT sections in both normal (Fig. 1a) and fibrotic livers. TT enhanced the lectin staining intensity in both normal (Fig. 1b) and fibrotic liver sections. No differences were seen in localization of positive staining with these lectins between normal and fibrotic livers.
Hepatocyte cytoplasm: No significant changes of lectin staining in normal or fibrotic liver sections, except for SBA and Bandeiraea simplicifolia lectin-I (BSL-I), were seen between non-TT and TT. BSL-I exhibited positive staining of the cytoplasm of scattered hepatocytes (Fig. 2a) . TT enhanced the intensity of BSL-I staining reaction (Fig. 2b , serial section of 2a). Interestingly, no positive reaction was detected with SBA in either control or fibrotic (Fig. 2c , serial section of 2a) livers without TT, but marked strong staining was seen in the fibrotic liver sections with TT (Fig.  2d, serial section of 2a) . However, no such positive staining was seen in the normal liver sections with TT. These SBApositive hepatocytes were scattered in the periportal and perifibrous zones and the central zones of pseudolobules. Moreover, in the fibrotic liver sections with TT, some hepatocytes showed positive reactions with both BSL-I (Fig.  3a) and SBA (Fig. 3b, mirror section of 3a) . Mitotic nuclear morphology was observed in many of the positive hepatocytes (Fig. 3c, d ).
Kupffer cells:
In both normal and fibrotic (Fig. 4a) liver sections without TT, Kupffer cells reacted with Vicia villosa agglutinin (VVA). TT markedly enhanced the staining intensity of these cells (Fig. 4b, mirror section of 4a) . On the other hand, no Dolichos biflorus agglutinin (DBA)-, peanut agglutinin (PNA)-or SBA-positive staining of Kupffer cells was demonstrated in the non-TT sections of either normal (Fig. 4c) or fibrotic livers. When TT was applied to both normal (Fig. 4d , mirror section of 4c) and fibrotic liver sections, very strong staining of Kupffer cells was achieved with these lectins. These lectin-positive Kupffer cells were localized in the periportal zone of normal livers, but were scattered throughout the pseudolobular zone in the fibrotic livers. 
DISCUSSION
Modified TT enhanced staining intensity or appearance of positive staining by many lectins used in this study in sections of both normal and fibrotic rat liver. Our findings were in agreement with the results of lectin staining in bovine brain tissue sections with TT using a microwave oven [7] . However, the microwave method often causes severe tissue damage, and determination of the suitable conditions for microwave TT is difficult. Our modified TT method is very simple and effective for lectin staining in liver specimens.
The staining intensities of most lectins, which recognize N-linked carbohydrate chains on sinusoidal endothelial and bile canalicular cells were markedly enhanced by TT, indicating that many lectin binding sites hidden by formalin fixation could be recovered by TT. The reaction of VVA, which recognizes O-linked carbohydrate chains, in Kupffer cells was also enhanced by TT. For instance, TT enhanced the staining intensity of VVA in Kupffer cells, suggesting that these cells had glycoconjugates with terminal GalNAcα1 3Gal or GalNAcα1 6Gal [23] . A part of such [24, 26] . In liver sections digested with neuraminidase, PNA and SBA bound to Kupffer cells, indicating that terminal sialic acid masked the binding sites of these lectins [24] . However, it is unlikely that TT resulted in the dissociation of terminal sialic acid, since sinusoidal endothelium and bile canaliculi showed enhanced staining with MAM and Sambucus sieboldiana agglutinin (SSA), which recognize terminal Siaα2 3Gal and Siaα2 6Gal, respectively [14, 18] , after TT. TT is considered to loosen the cross-linkage between proteins caused by formalin fixation and to alter the three-dimensional structures of proteins and sugar chains [2, 15, 17, 21] , allowing the lectins to approach hidden binding sites. It is difficult to detect these carbohydrate chains by conventional lectin histochemical techniques without TT.
Positive staining was also observed in the cytoplasm of some scattered hepatocytes located on the periportal and perifibrous zones, and central zone of pseudolobules in fibrotic liver sections following TT. Although the cytoplasm of the hepatocytes did not react with SBA in sections without TT, positive staining appeared in those with TT. TT breaks cross-linkage between glycoproteins in the tissue sections, and so SBA will easily bind to the carbohydrate sites. SBA shows relatively broad affinity to terminal GalNAc and Gal [5] . The BSL-I-positive reaction shown in hepatocyte cytoplasm was markedly enhanced by TT. The same hepatocytes were double positive for BSL-I and SBA, demonstrated on the mirror sections with TT. BSL-I reacts with terminal αGal and αGalNAc [4, 6] . PNA and SJA, which bind to terminal Galβ1 3GalNAc [8, 13, 25] , did not react with hepatocyte cytoplasm in the fibrotic liver sections with TT. These results indicate that SBA and BSL-I double positive hepatocytes have cytoplasmic glycoproteins which possess carbohydrate chains with terminal αGal and/or αGalNAc. O-Glycosylation occurs by the simple step-wise addition of sugars to a nascent peptide when it has moved to the smooth endoplasmic reticulum-Golgi apparatus region of the cells [1, 3, 20, 22] . The positive staining of hepatocyte cytoplasm may represent the O-glycosylation pathway of some glycoproteins. Moreover, SBA and BSL-I also reacted with M-phase hepatocytes, or proliferating hepatocytes. It is considered that SBA-and BSL-I-binding glycoproteins may play an important role in proliferation of hepatocytes. Interestingly, all of the lectins with which positive staining appeared following TT preferentially recognize O-glycosidically linked carbohydrate chains. These results indicate not only that formalin fixation causes masking of lectin binding sites of O-linked carbohydrate chains but also that such obstructions are removed by TT.
In conclusion, TT may be a useful novel method for analysis of in situ carbohydrate chain structure. The TT procedure provides different findings from those of enzymatic treatment such as neuraminidase digestion. Modified TT staining procedures are considered to be useful tools for the diagnosis and prognosis of liver fibrosis.
